Abstract To monitor the ability of flocs to settle in Sequencing Batch Reactor sludge, two methods were tested during two operation cycles. Firstly, an automated image analysis procedure has been tested to quantify the floc size and the length and number of filaments. Secondly, rheological measurements (Bingham viscosity and shear stress) have been used to characterise the dispersion of the sludge which can reflect the cohesive strength of aggregates and so the influence of filamentous bacteria on rheological properties. These results were compared with settling parameters such as Sludge Volume Index or settling velocity. Correlations between the measured parameters with image analysis and parameters such as Sludge Volume Index have been obtained. If it is more difficult to analyze rheological results, it seems however that the thixotropy and the Bingham viscosity distinguish poor settlement owing to some filamentous bulking. The first results are promising, although they require confirmation in the long term.
Introduction
The Sequencing Batch Reactor, SBR, consisting of a single tank, operating on a cycle Aeration -Settling -Draining -Feeding has many advantages over a conventional activated sludge system, such as limited space requirement, facility of operation and higher treatment efficiency. However, it is often reported that SBR is associated with high Sludge Volume Index (>200 mL · g -1 ). The reason for these bad settling properties comes mainly from a bad scaling, occurrence of phases of aeration and of settling, and bad management of biological activity giving rise to filamentous bulking. The systematic quantification of filamentous bacteria can potentially improve greatly the monitoring of the wastewater treatment plants: filaments reinforce the structure of the floc and permit a good settleability but a large excess of filaments is detrimental for the filtering of water. In constrast, when there are not enough filamentous bacteria, small flocs are observed and the supernatant become turbid. Few parameters characterising the settleability, except the SVI or the maximum settling velocity, are usually used. Moreover characteristics of the flocs still often remain qualitative parameters. New parameters such as size distribution (Jorand et al.,1995; Lee et al., 1996; Biggs and Lant, 2000) , fractal dimension (Li and Ganczarczyk, 1990; Logan and Kilps, 1995; Ganczarczyk, 1995; Snidaro, 1997) , internal floc porosity (Li and Ganczarczyk, 1990; Andreadakis, 1993; Namer and Ganczarczyk, 1994) or aggregation measurement (Gmachowski et al., 1990; Lawler, 1993) have however been proposed. A good balance between the filamentous bacteria and the flocs-forming bacteria is fundamental for an efficient plant operation. In SBR (as in other activated sludge processes) a good settleability should be achieved to avoid biomass loss and the systematic quantification of filamentous bacteria can potentially improve greatly the monitoring of wastewater treatment plants. The total length of filaments quantifies the development of filamentous bacteria: this is usually measured manually, although Matsui and Yamamoto (1983) have described a procedure with a video colour TV. In spite of the major interest of this determination to assess the good functioning of the plant, it constitutes a very tedious and time-consuming task, which cannot be performed on a regular basis by plant operators. A procedure, called FlocMorph V.0, has been developed within the framework of Visilog™5 (Noésis, Les Ulis, France) (da Motta et al., 1999) . This procedure has been previously applied to continuous full-scale and pilot scale aerobic as well as anaerobic wastewater treatment processes (Alves et al., 2000) . It has been adapted here to the case of a highly filamentous biomass used in a SBR.
Rheological measurements could also help to characterise the sludge ability to settle. The interpretation of the information given by rheological measurements gives access, in certain conditions, to the overall physical behaviour of the flocs. Different models describing the influence of solid fraction of sludge have been developed but there are some difficulties appling them to the characterisation of rheological properties of activated sludge. Moreover, few studies have described this characterisation. Foster (1981 Foster ( , 1982 shows that some properties of sludge like electrophoretic mobility or ionic strength could be correlated with apparent viscosity. Roche et al. (1996) underline the importance of non-newtonian characteristics of activated sludge for the optimisation of aeration. A relation between settlement of activated sludge and sludge viscosity could permit us to characterise the presence of filamentous bacteria or to detect particular phenomena without physico-chemical analysis. Dollet (2000) shows that under certain experimental conditions, filamentous bulking give properties of thixotropy to the activated sludge. This rheological characteristic results from the irreversible destruction of filaments with increasing shear rates. Relationships with different settleability parameters point out the ability of the Bingham shear stress to express the compressibility of the activated sludge. The thixotropy and the Bingham viscosity distinguish poor settlement owing to some filamentous bulking (long filaments) from weakly compressible structures of flocs (viscous bulking).
The aim of this study is to describe the use of these different techniques to characterise the quality of settleability of SBR sludge during a cycle of aeration and settling.
Materials and method SBR experimentation
A 5 litre SBR reactor was inoculated with a mixed adapted filamentous population of micro-organisms. The reactor was fed with a solution of sucrose and meat extract. A cycle of one hour of feeding, twenty hours of aeration, two hours of settling and one hour of pumping was applied (Table 1 ). The loading rate was about 0.3 gCOD · gVSS -1 · j -1 . Dissolved Organic Carbon (DOC) has been measured vs. time with persulfate method and COD standardised methods (NF T 90-101). DO has been monitored with a probe. SVI and settling velocity were measured at 0, 24 and 48 hours.
The sludge concentration was measured by centrifugation of a sample aliquot for 15 min at 3000 rpm and drying the solid residue for 12 hours at 105ºC. The settleability characteristics were measured in a 1 litre cylindrical column. The sludge front height variation versus time h(t) was monitored for 30 min at least. The Sludge Volume Index (SVI) (mL/g) is defined as (Eq. 1):
where H 0 is the initial sludge height, H 30 , the sludge height after 30 min, d, the dilution and C 0 (g/L) the initial sludge concentration. (1)
Image capture and analysis
An optical microscope (Zeiss Axiolab with achroplast lens) equipped with a video camera (Cohu), connected to a PC via a grabbing board (Matrox PIP) was used. A drop of mixed liquor was carefully deposited on a glass slide and covered with a cover slip. A series of at least 100 images (magnification ×100) was grabbed by a systematic examination of the slide. The initial grey-level 512×512 rectangular-pixels images were transformed into 512×341 square-pixels images. Figure 1 presents a typical grey-level image after pixel shape correction. The grey-level images are initially enhanced by histogram equalisation, delineation, and halo suppression by subtraction of a background image obtained after applying a 55-iteration opening to the initial grey-level image. The resulting image is then automatically segmented: the segmentation algorithm considers the variance of the grey-level histogram. On the resulting binary image a discrimination between flocs on the one hand and small debris and filamentous bacteria on the other hand is based on their size: the objects still present after a 2-iteration opening are considered as flocs. The flocs are then subtracted from the initial binary image for further discrimination between small debris and filamentous bacteria. This discrimination is based on the size and the gyration diameter: objects with a projected area (S) larger than 10 pixels and a reduced gyration (r g ) radius larger than 0.9 are filaments (Eq. 2).
where is the equivalent diameter and M 2X and M 2Y are the second-order moments of the object. After further cleaning, two binary images are finally obtained, one containing the The flocs that are not in contact with the image frame are characterised by their projected are (S) and fractal dimension (D f ). The method proposed by Russ (1995) is used to calculate the fractal dimension that measures the roughness of the flocs. Finally the number and total length of filaments per image are calculated.
Rheological measurement
A Physica system MC100 rheometer with a double air-gap was used. Only measurements in simple flows can be tested with sufficiently high shear velocities to maintain the flocs in suspension by centrifugal effect. The sludge sample, of about 17 mL, has been submitted to various shear gradients for a few hundreds of seconds at constant temperature (20ºC±2ºC) ( Table 2) .
The rheograms are then modelled using Casson's representation for the slower shear velocities and to identify properties of fluidification of sludge, and Bingham's model to describe the pseudo-newtonian flow. Figure 3 presents a typical activated sludge rheogram.
Results
Analyses have shown that the system produces an effluent of good quality and that the sludge is able to reduce considerably the level of carbon pollution (Figure 4) . The evolution of settleability, characterised by Kynch curves, shows that the sludge exhibits, for this example, a better quality of settleability at 48 h than at 0 h. This is illustrated in Figure 5 . In the same way, the rheological properties of the sludge change during the operation (Figure 6a and b) . Thixotropy tends to decrease. According to previous results (Dollet, 2000) , that would indicate a reduction of either the number, or the size, of bacterial filaments. By image analysis it was possible to validate the assumption that in this reactor the quality or the quantity of filamentous bacteria decrease (Figure 7 ). This is characterised by the evolution of total length of filaments/image , the number of filaments/image, the average filament length/image and the average total flocs area/image.
Conclusion
The Sequencing Batch Reactor consisting of a single tank, operated on a cycle AerationSettling -Draining -Feeding, seems to have many advantages over a conventional activated sludge system, such as limited space requirement, facility of operation and higher treatment efficiency. However, it is reported that this system could cause bad effluent quality in term of turbidity due to a bad Sludge Volume Index. This problem of settleability is often linked with a bad control of the process: length of aeration time, problem in the cycle monitoring. Different methods have been developed to improve the operation of SBR and in particular the settling phase. Image analysis and rheological analysis could contribute to the control and the monitoring of the Sequencing Batch Reactor. They bring some new data on the morphology of floc-forming bacteria, on the evolution of this morphology and the consequence on the rheology of the sludge. In this study, it is shown that correlations exist between the parameters measured with image analysis, like average length of filaments, number of filaments and the evolution of the SBR. This is confirmed in the same way by evolutions of Sludge Volume Index or settling velocity. Moreover, rheological studies show variations of hysteresis area between the start and the end of the experimentation and a large difference between rheograms with and without filamentous bacteria. This study was a preliminary test to validate these measures against classical measurement like SVI index or settling velocity. It would be important to confirm this result in the long run and to complement it with physico-chemical and microbiological analyses.
